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Abstract 

The  initial  irreversible  capacity,  Qt,  is  one  of  the  parameters  to  express  the  material  balancing  of  the  cathode  to  anode  in  lithium-ion  cells. 
In  this  work,  a  new  terms  are  introduced,  namely,  the  initial  intercalation  Ah  efficiency  (HE)  and  the  initial  irreversible  specific  capacity  at 
the  surface  (<2is),  to  express  precisely  the  irreversibility  of  an  electrode/electrolyte  system.  The  terms  depend  on  the  active-materials  and 
composition  of  the  electrode,  but  do  not  change  with  charging  state.  Mesophase  carbon  microbeads  (MPCF)  have  the  highest  value  of  HE 
and  the  lowest  value  of  Qis  in  1  M  LipF6/ethylene  carbonate  (EC)  +  diethyl  carbonate  (DEC)  (1:1  volume  ratio)  electrolyte.  The  IIE  value 
of  a  LiCoC>2  electrode  is  97-98%,  although  the  preparation  conditions  of  the  material  and  the  electrolyte  are  different.  The  Qis  value  of 
LiCoCD  is  0-1  mAhg-1.  The  MPCF-LiCo02  cell  system  has  the  lowest  latent  capacity.  The  Qis  value  increases  slightly  on  adding 
conductive  material.  The  IIE  and  Qis  values  vary  with  the  electrolyte.  By  introducing  propylene  carbonate  to  the  EC  +  DEC  mixed  solvent, 
the  IIE  values  are  retained,  but  Qls  is  increased.  With  the  addition  of  methyl  propionate,  the  IIE  value  is  increased,  and  the  Qis  value  is  also 
increased  slightly.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 
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1.  Introduction 

Lithium-ion  cells  [1-3]  have  excellent  performance  in 
terms  of  high  voltage,  high  specific  energy  and  long  cycle 
life.  An  organic  medium  [4-7]  results  in  a  high  voltage  for 
the  cell,  compared  with  aqueous  systems.  An  organic  med¬ 
ium,  however,  leads  to  not  only  to  a  decrease  in  ion  con¬ 
ductivity  but  also  to  the  irreversible  decomposition  of 
organic  molecules  at  the  surface  of  the  anode  during  cell 
operation.  The  products  of  decomposition  [8-11]  are  inso¬ 
luble  salts,  which  are  deposited  on  the  surface  of  the 
electrode,  and  gaseous  products.  Carbon  [12]  has  an  excel¬ 
lent  properties  as  an  anode  in  lithium-ion  cells  and  has  a 
structure  which  differs  with  the  method  of  preparation.  In  the 
lithium-ion  cell,  a  honeycomb-like  layered  structure  of 
carbon  serves  as  a  host  for  the  intercalation  of  lithium  ions. 
Carbon  anodes  are  reversibly  intercalated  by  lithium  ions  via 
an  electrochemical  redox  process,  i.e. 

Cf,  +  Li+  +  e  =  LiCg  (1) 

while  carbon  has  a  good  performance  as  an  anode,  it  reacts 
irreversibly  with  an  organic  electrolyte.  The  irreversible 
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reaction  effects  the  material  balancing  of  the  cathode  to 


anode,  i.e. 

Qcc  —  Qcd  =  Gci 

(2) 

GaC  -  Qa d  =  GaI 

(3) 

Gl  ~  Gcd  =  GAd 

(4) 

where  Qc c,  Gc d,  and  Gc i  represent  the  charge  capacity,  the 
discharge  capacity,  and  the  irreversible  capacity  in  the 
cathode,  respectively,  and  (QAc,  QAd,  and  QA i  the  charge 
capacity,  the  discharge  capacity,  and  the  irreversible  capa¬ 
city  in  the  anode  [13,14],  respectively.  If  the  irreversible 
capacity  in  the  anode,  QAi,  is  higher  than  the  irreversible 
capacity  in  cathode,  Gc i,  and  the  charge  capacity  is  same  in 
both  electrodes,  the  discharge  capacity  of  the  cathode,  Qx  d, 
will  be  higher  than  that  of  the  anode,  QA d.  Therefore,  the 
discharge  capacity  of  the  cell  is  just  QAd.  The  difference  in 
discharge  capacity  between  the  cathode  and  the  anode, 
Qc  d  —  QAd,  cannot  be  discharged  and  lowers  the  specific 
energy  of  the  cell.  We  define  this  lost  capacity  as  the  ‘latent 
capacity,  QL’. 

It  is  well  known  that  the  irreversible  capacity  of  the 
carbon  anode  usually  originates  from:  (i)  decomposition 
of  solvent  at  the  surface  of  the  carbon;  (ii)  irreversible 
reaction  of  lithium  with  surface  functional  groups  such  as 
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carboxyl,  hydroxyl  and  carbon  hydride  [15,16];  (iii)  irre¬ 
versible  insertions  of  lithium  into  the  carbon.  Xing  and  Dahn 
[17]  analyzed  the  reaction  of  surface  functional  groups  of 
carbon,  both  qualitatively  and  quantitatively.  When  the 
surface  of  the  carbon  is  exposed  and  reacted  with  gases 
such  as  steam,  air  and  oxygen,  the  initial  irreversible  capa¬ 
city  increased.  Jean  et  al.  [18]  reported  that  the  initial 
irreversible  capacity  of  petroleum  coke  varied  linearly  with 
the  initial  charge  capacity.  Matsumura  et  al.  [19]  also  studied 
the  irreversible  capacity  loss  of  carbon  materials  using  a 
stepwise  method,  which  controlled  the  limit  of  charge 
potential.  When  ribbon-like  carbon  was  heat-treated  at 
1 500  C,  the  irreversible  capacity  in  the  total  irreversible 
capacity  was  66%  over  the  potential  range  0.25-0.01  V 
versus  Li/Li+,  and  66%  of  lithium  remained  in  the  carbon 
after  being  decomposed  in  HC1  solution.  The  authors  con¬ 
cluded  that  lithium  remained  on  the  surface  and  also  in  the 
bulk  of  the  discharged  carbon  electrode. 

The  extent  of  the  irreversible  reaction  varies  with  the 
charging  state  of  the  electrode.  Therefore,  new  terms  which 
do  not  vary  with  charging  state  are  required  to  express  the 
irreversible  capacity  of  the  electrode-electrolyte  system.  In 
this  study,  we  introduce  two  new  parameters,  namely,  the 
initial  intercalation  efficiency,  HE,  and  the  initial  irreversible 
capacity  at  the  surface,  Qls.  Electrode/electrolyte/Li  cells  are 
prepared  and  their  electrochemical  properties  are  investi¬ 
gated  by  controlling  the  initial  specific  capacity  to  evaluate 
the  initial  irreversible  capacity. 


Table  1 

Materials  used  in  anode  and  cathode 


Material 

Maker 

Remarks 

Anode 

MCMB 

Osaka  gas  Co. 

Heat-treated 

at  2800°C 

MPCF 

Petoca  Co. 

Heat-treated 

at  3000°C 

Refined  natural  graphite 

SEC 

PCG 

Osaka  gas  Co. 

Cathode 

LiCo02 

Nippon  chem.  Co. 

Z>50  =  7  (im 

LiCo02 

Sumitomo  Co. 

Z>50  =  5  fim 

LiN  io.8 1  Coo.  1 6  A 1 0.03O2 

Sumitomo  Co. 

Z>50  =  9  (im 

2.  Experiment 

2.1.  Materials 

Mesophase  carbon  microbeads  (MCMB),  mesophase  car¬ 
bon  fibres  (MPCF),  natural  graphite  (SNO)  and  pitch-coated 
graphite  (PCG)  were  used  as  the  anode.  The  LiCoOa  and 
LiNio.8iCoo.i6Alo.03O2  were  used  as  the  cathode.  The  mate¬ 
rials  used  in  this  study  are  summarized  in  Table  1 .  Metallic 
lithium  foil  was  used  for  both  the  counter  and  the  reference 
electrodes,  and  a  porous  polyethylene  film  with  thichness  of 
25  pm  was  used  as  the  separator.  Copper  foil  was  used  as  a 
current  collector  for  the  anode  and  the  counter  electrode,  and 
aluminum  foil  for  the  cathode. 


Table  2 

HE  and  Qls  values  in  various  electrode-electrolyte  systems 


No. 

Electrode 

Electrolyte 

IEE  (%) 

Gis  (mAh  g-1) 

1 

MCMB-6-28s 

1  M  LiPFs/EC  +  DEC  (50:50  vol.%)° 

84.0 

56 

2 

MPCF3000 

1  M  LiPFg/EC  +  DEC  (50:50  vol.%) 

96.0 

8 

3 

PCG  100 

1  M  LiPFg/EC  +  DEC  (50:50  vol.%) 

95.2 

19 

4 

SNO  15 

1  M  LiPFg/EC  +  DEC  (50:50  vol.%) 

95.1 

23 

5 

I.iCo02" 

1  M  LiPFs/EC  +  DEC  (50:50  vol.%) 

98.1 

1 

6 

LiCo02b 

1  M  LiPFg/EC  +  DMC  (50:50  vol.%)d 

96.9 

0 

7 

LiNio.siCoo  i6Alo.o302b 

1  M  LiPFe/EC  +  DMC  (50:50  vol.%) 

94.9 

17 

8 

MPCF3000  +  SSB 

1  M  LiPFg/EC  +  DEC  (50:50  vol.%) 

96.3 

12 

9 

MPCF3000  +  SSB 

1  M  LiPFf/PC  +  EC  +  DEC  (4:48:48  vol.%)e 

96.4 

23 

10 

MPCF3000  +  SSB 

1  M  LiPF6/PC  +  EC  +  DEC  (8:46:46  vol.%)f 

96.3 

26 

11 

MPCF3000  +  SSB 

1  M  LiPFe/EC  +  DEC  +  MP  (48:48:4  vol.%)g 

96.1 

14 

12 

MPCF3000  +  SSB 

1  M  LiPFs/EC  +  DEC  +  MP  (46:46:8  vol.%)h 

97.8 

13 

13 

MPCF3000  +  SSB 

1  M  LiPFs/EC  +  DEC  +  MP  (44:44:12  vol.%)‘ 

97.1 

17 

14 

MPCF3000  +  SSB 

1  M  LiPFs/EC  +  DEC  +  MP  (42:42:16  vol.%y 

96.6 

15 

a  Nippon  Chem.  Co. 
b  Sumitomo  Co. 
c  1PEDEC5050. 
d  1PEDMC5050. 
e  1PPEDEC44848. 
f  1PPEDEC84646. 
g  1 PEDECMP48484. 
h  1PEDECMP46468. 

1  1 PEDECMP4444 1 2. 
j  1 PEDECMP4242 1 6. 
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2.2.  Preparation  of  electrode  and  cell 

The  (V-methy  lpy  rrolidone  (NMP)  was  used  as  a  dispersing 
solvent.  Carbon  (90  wt.%)  and  PVDF  polyvinylidene  fluor¬ 
ide  (PVDF,  10  wt.%)  were  mixed  with  zirconia  balls  at  room 
temperature  for  2  h.  Super  s  black  (SSB)  was  used  as  a 
conductive  material  and  the  mixing  proportions  of  carbon, 
SSB  and  PVDF  were  88,  4  and  8  wt.%,  respectively.  For  the 
cathode,  a  binary  conductive  material  of  SSB  and  Lonza 
KS6  was  used.  The  slurry  was  coated  on  the  copper  and  the 
aluminum  by  a  doctor  blade  technique  with  a  200  m  slit.  The 
electrodes  were  dried  at  120°C  in  a  ventilated  drying  over. 
The  composite  electrode  coated  on  one-side  was  pressed  by 
a  roll  calender.  The  composite  electrode  had  an  area  of 
20  mm  x  40  mm.  The  lithium  electrode  was  wider  than  the 


composite  electrode  and  was  connected  with  nickel  ribbon 
tab.  The  composite  and  the  counter  electrodes  were  wound 
into  a  ‘jelly  roll’  with  the  separator. 

2.3.  Electrochemical  characterization 

The  electrolyte  was  1  M  LiPF6  (Mitsubishi  Chem.  Co.)/ 
EC  +  DEC  (1:1  volume  ratio),  where  EC  and  DEC  are 
ethylene  carbonate  and  diethyl  carbonate,  respectively. 
The  electrolyte  was  manipulated  in  a  glove  box  filled  argon 
gas  of  high  purity.  Other  electrolytes  in  (Table  2)  were  also 
prepared  to  investigate  the  effect  of  the  electrolyte.  The 
electrode-electrolyte  systems  are  listed  in  Table  2.  Galva- 
nostatic  charge-discharge  behavior  was  investigated  by 
means  of  a  Maccor  series  2000  charge-discharge  tester. 


0.150 

0.125 

0.100 

0.075 

0.050 

0.025 


Specific  Capacity  (mAh/g) 

(a)  potential  profile 


Potential  (V  vs.  Li/Li*) 

(b)  differential  specific  capacity 

Fig.  1.  (a)  Charge  and  discharge  potential  profile  and  (b)  differential  specific  capacity  of  MCMB/1  M  I.iPIy/FC  +  DEC  (1:1  vol.%)/Li  cell  at  a  specific 
current  of  27.35  mA  g-1. 


C.-H.  Doh  et  al.  /  Journal  of  Power  Sources  101  (2001)  96-102 


99 


0  200  400  600  800 

Specific  Capacity  (mAh/g) 

Fig.  2.  Charge  and  discharge  potential  profiles  as  a  function  of  specific 
capacity  for  a  MCMB/1  M  LiPF6/EC  +  DEC  (1:1  vol.%)/Li  cell. 


Fig.  3.  Ah  efficiency  of  a  MCMB/1  M  LiPF^EC  +  DEC  (1:1  vol.%)/Li 
cell  as  a  function  of  specific  charge  capacity. 


The  cut-off  limit  in  charging  was  controlled  by  adjusting  the 
specific  capacity  of  a  fresh  cell.  The  cut-off  limit  in  dis¬ 
charging  was  3  V  versus  Li/Li4  for  the  anode  and  2  V  versus 
Li/Li+  for  the  cathode.  In  this  work,  the  potential  was 
expressed  with  respect  to  the  VLi//Li+  electrode  standard. 
Charge  and  discharge  was  conducted  at  the  10  h  rate. 

3.  Result  and  discussion 

The  charge-discharge  potential  profiles  of  MCMB  on  the 
first  cycle  are  presented  in  Fig.  la.  During  charge,  the 
potential  of  the  carbon  decreases  rapidly  until  the  specific 
capacity  becomes  about  360  mAh  g  1 .  It  then  increases  until 
the  specific  capacity  reaches  420  mAh  g  1 .  It  is  thought  that 
the  increase  is  due  to  the  lithium  plating,  so  it  could  not 
exceed  0  V.  The  potential  of  the  carbon  anode  increases 
slightly  at  the  beginning  of  lithium  plating  and  remained 
constant  at  about  —20  mV  during  charge.  The  minimum 


potential  of  the  anode  is  —48  mV.  Dahn  and  coworkers 
[17,20,21]  have  reported  that  nucleation  of  metallic  lithium 
proceeds  at  a  potential  of  <0  V,  when  the  discharge  cut-off 
potential  of  carbon  anode  was  set  —30  mV  at  a  specific 
current  of  18.6  mAg~'.  Some  studies  [20-22]  have  also 
reported  that  the  potential  of  the  anode  varies  with  inter¬ 
calation  of  lithium  into  MCMB.  The  relationship  between 
the  differential  specific  capacity  and  the  potential  of  MCMB 
is  shown  in  Fig.  lb.  The  value  of  the  differential  specific,  d Q/ 
dVj  was  calculated  from  dividing  the  differential  specific 
capacity  by  the  differential  potential.  When  the  potential 
increased  with  plating  of  lithium,  a  few  small  peaks  in  d Ql 
d V  were  observed.  It  was  thought  that  the  peak  at  potential  of 
about  —10  mV  in  dQ/dV  was  due  to  the  potential  plateau 
with  the  plating  of  lithium  on  the  surface  of  the  carbon 
anode.  Lithium  stripping  took  place  over  the  potential  range 
between  about  15  and  40  mV  in  discharge  process. 

Typical  potential-specific  capacity  profiles  for  MCMB  are 
presented  in  Fig.  2.  The  potential  at  which  the  discharge 


Fig.  4.  Specific  discharge  capacity  and  initial  irreversible  specific  capacity  of  a  MCMB/1  M  LiPF6/EC  +  DEC  (1:1  vol.%)/Li  cell  as  a  function  of  specific 
charge  capacity. 
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starts  is  the  open-circuit  potential.  Therefore,  the  difference 
in  potential  between  the  open-circuit  potential  and  the 
potential  at  discharge  profile  is  due  to  iR  drop. 

The  Ah  efficiencies,  the  specific  discharge  capacities  and 
the  initial  irreversible  specific  capacities  of  MCMB  are 
shown  in  Figs.  3  and  4.  The  Ah  efficiencies  increase  with 
increasing  specific  charge  capacities  and  remain  constant  at 
a  specific  charge  capacity  of  about  300  mAh  g  The 
specific  discharge  capacity,  Qc,  and  the  irreversible  specific 
capacity,  Q,,  show  a  linear  relationship  with  the  specific 
charge  capacity,  Qc,  i.e. 

Qc  =  0.84-'ed  +  55.5  (5) 

a  =  0.160c  +  46.6  =  O.190d  + 55.5  (6) 

where  Qc,  Qd  and  Q,  are  the  specific  charge  capacity 
(mAhg-1),  the  specific  discharge  capacity  (mAhg-1) 
and  the  initial  irreversible  specific  capacity  (mAh  g-1), 
respectively.  The  initial  irreversible  capacity,  Q„  originates 
from  the  decomposition  of  solvent  at  the  surface  of  the 
carbon  and  also  the  irreversible  insertion  of  lithium  into  the 
carbon  host.  The  former  occurs  predominantly  in  the  low 
capacity  region  and  is  independent  of  the  charge  capacity. 
Insertion  of  Lithium  occurs  predominantly  at  a  high  specific 
capacity  region  and  is  dependent  of  the  charge  capacity. 
These  two  features  show  the  surface  and  the  bulk  character¬ 
istics  of  carbon,  respectively.  Therefore,  a  capacity  of 
55.5  mAh  g-1  in  Eqs.  (5)  and  (6)  corresponds  to  the  initial 
irreversible  specific  capacity  that  originates  from  solvent 
decomposition  at  the  carbon  surface.  A  slope  of  d 0d/ 
d0c  =  0.84  is  found  from  Eq.  (5):  the  Ah  efficiency  of 
the  lithium  intercalation  into  carbon  at  the  first  charge- 
discharge. 

The  initial  irreversible  specific  capacity  can  be  classi¬ 
fied  by  two  terms,  namely,  the  initial  irreversible  specific 
capacity  at  the  surface  and  the  initial  irreversible  specific 
capacity  in  the  bulk.  In  MCMB,  the  initial  irreversible 
specific  capacity  at  the  surface  is  55.5  mAhg-1  and  the 
initial  irreversible  specific  capacity  in  the  bulk  is  0.19 
times  lower  than  the  specific  discharge  capacity  as  shown 
in  Eq.  (6).  The  initial  irreversible  specific  capacity  at  the 
surface  of  55.5  mAhg-1  corresponded  to  19.5  mAh  m-2, 
if  a  specific  area  of  2.85  m2  g-1  is  considered  at  the  sur¬ 
face.  Dahn  and  coworkers  [23]  and  Koshina  [24]  have 
reported  that  the  irreversible  specific  capacity  is  7  mAh  m-2 
in  1  M  LiAsF6/PC  +  EC  (1:1  volume  ratio)  and  5  mAh  m-2 
in  1M  LiPF6/EC  +  DEC  (1:1  volume  ratio)  electrolyte, 
respectively. 

The  Ah  efficiency  is  insufficient  to  express  precisely  the 
reversibility  of  an  electrode-electrolyte  system  because  it 
varies  with  the  charging  state  of  the  electrode.  By  contrast, 
the  initial  intercalation  efficiency,  HE,  and  the  initial  irre¬ 
versible  specific  capacity  at  the  surface,  Q1S,  do  not  vary  with 
charging  state.  The  initial  irreversible  specific  capacity  of 
the  anode  can  be  expressed  by  Eq.  (7).  We  consider  that  this 
relationship  can  be  used  to  evaluate  exactly  the  reversibility 


of  the  electrode-electrolyte  system,  i.e. 

Qi  =  Gib  +  Gis  =  (HE- 1  -  1 )  Gd  +  Gis  (7) 

where,  Gib  and  Gis  are  the  initial  irreversible  specific  capa¬ 
city  due  to  the  surface  and  to  the  bulk  of  the  electrode, 
respectively. 

Eq.  (7)  was  verified  in  another  cathode  and  electrode- 
electrolyte  system.  The  specific  charge  capacity  patterns 
in  various  carbons,  cathodes,  and  electrolyts  are  presented 
in  Fig.  5.  There  is  a  linear  relationship  between  the  specific 


JS»- 


j>*  ,>> 


t  MCMB628s_1  PEDEC5050 
1  MPCF3000_1PEDEC5050 
l  SNOI 51 PEDEC5050 
•  PCG100  1PEDEC5050 


100  200  300  400 

Specific  Discharge  Capacity  (mAh/g) 

(a)  specific  charge  capacity  of  carbon  materials 


Specific  Discharge  Capacity  (mAh/g) 

(b)  specific  charge  capacity  of  cathode  materials 


Specific  Discharge  Capacity  (mAh/g) 

(c)  specific  charge  capacity  of  MPCF  in  various  electrolytes 

Fig.  5.  Specific  charge  capacity  as  a  function  of  specific  discharge 
capacity  for  various  composite  electrode/electrolyte/Li  cells. 
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charge  capacity  and  the  specific  discharge  capacity  in 
all  cases.  Therefore,  the  values  of  HE  and  <2is  can  be 
obtained  by  a  first-order  function  and  are  summarized 
in  Table  2. 

The  values  of  HE  and  (3is  f°r  various  electrodes  in  1  M 
LiPF6/EC  +  DEC  (1:1  volume  ratio)  are  given  in  Fig.  6a. 
The  value  of  HE  in  MCMB,  MPCF,  SNO  and  PCG  is  84,  96, 
95.1  and  95.2%,  respectively.  The  value  of  Qis  in  MCMB, 
MPCF,  SNO  and  PCG  is  56,  8,  19  and  23  mAh  g~\  respec¬ 
tively.  Therefore,  MPCF  may  be  better  electrode  than 
MCMB,  because  HE  is  high  and  Qis  is  low;  MPCF  has  a 
high  reversibility  and  a  low  irreversible  capacity. 

The  value  of  HE  in  LiCo02  electrode  is  97-98%,  although 
the  preparation  conditions  of  the  material  are  different.  The 


value  of  HE  in  LiNi0.8iCo0 .16AI0.04O2,  however,  is  95%.  The 
value  of  <21S  in  LiCo02  and  LiNi0  81Co0  16A10  04O2  is  0-1  and 
17  mAh  g  ',  respectively.  It  is  concluded  that  LiCo02  has  a 
better  battery  performance  than  LiNi0  81Co0  16A10  04O2 
when  the  reversibility  of  the  intercalation  and  the  irrever¬ 
sible  capacity  at  the  surface  are  compared. 

For  a  MPCF/LiCo02  cell,  the  value  of  HE  in  MPCF  is 
lower  than  that  of  LiCo02,  and  the  value  of  Qis  in  MPCF 
is  higher  than  that  of  LiCo02.  Therefore,  the  latent  capacity 
<2l,  is  low  for  the  MPCF-LiCo02  system.  The  value  of  (9is 
in  MPCF-1  M  LiPF6/EC  +  DEC  (1:1  volume  ratio)  system 
increases  when  a  conductive  material  is  added.  It  is  con¬ 
sidered  that  the  increase  in  Qis  is  due  to  the  high  specific 
surface  area  of  the  conductive  material.  Neverthless,  the 


(a)  1IE  and  Qis  of  active-materials 


(b)  HE  and  Qis  of  MPCF  in  various  electrolytes 


Fig.  6.  HE  and  Qis  values  in  various  composite  electrode-electrolyte  systems. 
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value  of  HE  is  slightly  changed  to  96.3%.  This  might 
be  due  to  the  blending  of  super  s  black  as  the  conductive 
material. 

The  value  of  HE  and  Qls  varies  with  the  type  of  electrolyte, 
as  shown  in  Fig.  6b.  By  introducing  propylene  carbonate 
(PC)  to  a  EC  +  DEC  mixed  solvent,  the  value  of  HE  is 
retained  at  96.3-96.4%,  but  the  value  of  QIS  increases  from 
12  mAh  g-1  (0  wt.%-PC)  to  26  mAh  g_I  (8  wt.%-PC),  as 
shown  by  systems  No.  8-10  in  Table  2.  By  adding  methyl 
propionate  (MP),  the  value  of  HE  increases  from  96.3% 
(0  wt.%  MP)  to  97.8%  (8  wt.%  MP).  The  value  of  Qis 
increased  slightly  to  13-17  mAhg^1  (4-16  wt.%  MP),  as 
shown  by  systems  No.  11-14  in  Table  1. 

4.  Conclusion 

There  is  a  good  linear  relationship  between  the  specific 
charge  capacity  and  the  specific  discharge  capacity  in  all  the 
electrode— electrolyte  systems  that  have  been  studied.  The 
MPCF  has  the  best  battery  performance  among  the  carbon 
materials,  because  it  has  the  highest  reversibility  and  the 
lowest  irreversibility  of  lithium  intercalation. 

The  HE  value  of  a  LiCoCL  electrode  is  97-98%,  although 
the  preparation  conditions  of  the  material  and  the  electrolyte 
are  different,  but  that  of  a  LiNi0.8iCo0.i6Al0.04O2  electrode  is 
95%.  The  QiS  value  of  LiCoCL  and  LiNi0.8iCo0.i6Al0.04O2  is 
0-1  and  17  mAhg-1,  respectively. 

For  a  MPCF/LiCoCL  cell,  the  HE  value  of  MPCF  is  lower 
than  that  of  LiCoCL,  and  Qis  value  of  MPCF  is  higher  than 
that  of  LiCoOi.  Therefore,  the  MPCF-LiCoC>2  cell  system 
has  the  lowest  latent  capacity.  The  Qis  value  increases 
slightly  on  adding  conductive  material. 

The  HE  and  Q,s  values  vary  with  change  of  electrolyte. 
By  introducing  PC  to  a  EC  +  DEC  mixed  solvent,  the  HE 
values  are  retained,  but  Qis  increases  with  addition  of  MP, 
the  HE  value  increases  while  the  Qis  value  increases  only 
slightly. 
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